Retinal ischemia/reperfusion injury occurs in several ocular pathologies, including glaucoma, diabetic retinopathy, and anterior ischemic neuropathy [1] . Among the neuronal subtypes of the retina, retinal ganglion cells (RGCs) are highly vulnerable to ischemic insults [2, 3] . Located in the innermost layer, RGCs represent the final cellular element of the retinal visual processing and the only output cells, transmitting the visual information to the brain throughout their axons forming the optic nerve [4] . Due to the function of RGCs, their damage and loss are associated with visual impairments and eventually blindness. Therefore, the identification and availability of neuroprotective therapeutic approaches aimed at preserving RGC survival are a relevant need for the clinical management of all ocular pathologies that share the death of RGCs as the final event [5] .
Azithromycin is a semisynthetic, 15-membered lactone ring azalide related to the macrolide antibiotic class indicated for the treatment of a wide range of bacterial infections and chronic inflammatory disorders [6] . The drug has a good pharmacokinetic profile characterized by a large volume of distribution, a high tissue concentration, and a prolonged half-life allowing once-daily administration [7] . The broad spectrum and favorable pharmacokinetics make azithromycin routinely used for urogenital and airway infections [8, 9] , while current ophthalmological use is limited to topical treatment against ocular surface infections, such as bacterial conjunctivitis, trachoma, and blepharitis [10] . In addition to antimicrobial activity, azithromycin exerts immunomodulatory and anti-inflammatory effects [11] that contribute to the clinical outcome amelioration in the pathologies where azithromycin is currently used [6] and might suggest the application of the macrolide in other pathological contests where these phenomena are implicated.
For instance, activation of innate and adaptive immunity has recently been recognized as an important player in the pathogenesis and progression of glaucoma, and inflammatory responses have been identified as common features in clinical and experimental settings [12] . Similarly, increasing evidence identified inflammation as a key contributor to the vision loss that occurs in diabetic retinopathy [13] . Therefore, we tested the neuroprotective effect of azithromycin on RGCs using an experimental model of retinal ischemia/reperfusion injury induced by transient elevation of the intraocular pressure (IOP) in the rat.
METHODS

Animals:
Male Wistar rats (280-330 g) were purchased from Charles River (Lecco, Italy) and housed with a 12 h:12 h light-dark cycle with ad libitum access to food and water. Animal care and experimental procedures were performed in accordance with the guidelines of the Italian Ministry of Health (D.L. 26/2014), the European Communities Council Directive (2010/63/UE), and the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. All surgical procedures were performed under deep anesthesia, and all efforts were made to minimize the number of animals used and their suffering.
Retinal ischemia injury:
Retinal ischemia was induced in the right eye of each rat by acutely increasing the IOP according to the method previously reported [14, 15] . In this model, along with the ischemic damage, a transient mechanical deformation of the eye has also been recently reported [16] .
Briefly, the rats were anesthetized with an intraperitoneal (i.p.) injection of chloral hydrate (400 mg/kg) and laid on a heating pad to maintain the body temperature at 37 °C. Topical anesthesia was induced with 0.4% Oxybuprocaine eye drops (Novesina, Novartis, Varese, Italy).
A 27-gauge infusion needle, connected to a 500 ml bottle of sterile saline, was inserted in the anterior chamber of the eye. The saline reservoir was elevated to produce an IOP of 120 mmHg for 50 min. Retinal ischemia was confirmed by whitening of the fundus. For each animal, the opposite eye served as non-ischemic control. Body temperature was monitored before, during, and after ischemia, and animals with body temperature lower than 35.5 °C were excluded from the study.
Rats were euthanized by cervical dislocation at 1 and 6 h of reperfusion or 7 days following the 50 min of ischemia. Both eyes were immediately removed, and the retinas quickly dissected, snap frozen in liquid nitrogen, and stored at −80 °C until use.
Immunoblot analysis: Retinas were homogenized in 130 µl of ice-cold lysis buffer (50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 2 mM EDTA, 2 mM EGTA, 1% Triton-X100) containing 1 nM okadaic acid, protease inhibitor cocktail (Sigma-Aldrich, Milan, Italy), and phosphatases inhibitor cocktail (cod. 524,625, Calbiochem, La Jolla, CA). Tissue lysates were centrifuged for 15 min at 10,000 ×g at 4 °C, and supernatants were collected. Protein concentration was determined using a Bio-Rad DC Protein Assay Kit (Bio-Rad Laboratories, Milan, Italy) with BSA as standard. Equal amounts of total proteins were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred on polyvinylidene difluoride (PVDF) membranes (Immobilon-P, Sigma-Aldrich).
The membranes were blocked with 5% non-fat milk in Tris-buffered saline containing 0.05% Tween-20 (TBS-T) for 1 h at room temperature. Primary antibodies were incubated overnight at 4 °C followed by species-specific horseradish peroxidase-conjugated secondary antibody (Pierce Biotechnology, Rockford, IL) for 1 h at room temperature. Protein bands were visualized with enhanced chemiluminescent detection reagents (ECL, Amersham Biosciences, GE Healthcare, Milan, Italy) and exposed to X-ray films (Hyperfilm, Amersham Biosciences, GE Healthcare). Autoradiographic films were scanned and digitalized, and band quantification was performed using ImageJ software (National Institutes of Health [NIH], Bethesda, MD). The following primary antibodies and dilutions were used: anti-Bcl-2-associated death promoter (Bad) 1:1,000, anti-phospho-p44/p42 MAPK (pERK1/2; Thr202/Tyr204) 1:1,000 (Cell Signaling Technology, Beverly, MA); anti-spectrin (non-erythroid) 1:2,000 (Chemicon International Inc., Temecula, CA); and anti-actin 1:1,000 (Sigma-Aldrich).
Gel zymography: Matrix metalloproteinase-2 (MMP-2; gelatinase A9) and MMP-9 (gelatinase B) gelatinolytic activity was detected with gelatin zymography [17, 18] . Individual retinas were homogenized in 180 µl of ice-cold TBS lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 5 mM CaCl 2 , 0.05% Brij35 (pH 7.6), 1% Triton-X100, and 0.02% NaN 3 ) containing complete mini EDTA-free protease inhibitor cocktail tablets (Roche, Mannheim, Germany) and phenylmethylsulfonyl fluoride (PMSF; 1:1,000; Fluka, Sigma-Aldrich). Tissue lysates were centrifuged for 20 min at 14,000 ×g at 4 °C, and supernatants were assayed for protein content using a Bio-Rad DC Protein Assay Kit (Bio-Rad Laboratories). Four hundred micrograms of protein for each sample were subjected to affinity precipitation with 40 μl of gelatinconjugated Sepharose beads (Gelatin-Sepharose 4B, Amersham Bioscience, GE Healthcare) overnight at 4 °C. Bound proteins were eluted from the beads in TBS containing 10% dimethyl sulfoxide (DMSO) by shaking for 1 h at 4 °C. Ten microliters of each sample were diluted 1:1 with non-reducing SDS loading buffer (0.0625 M Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, and 0.25% bromophenol blue) and separated on a 10% SDS-PAGE gel copolymerized with 0.1% gelatin from porcine skin (Sigma-Aldrich). Gels were washed twice (30 min each) in 2.5% Triton X-100 and incubated with developing buffer (49.5 mM Tris-HCl, 9.18 mM CaCl 2 , and 0.02% NaN 3 ), at 37 °C for 48 h. Gels were then stained with 0.25% Coomassie brilliant blue solution (0.25% Coomassie brilliant blue, 10% acidic acid, and 50% methanol) for 4 h and destained in a solution of acetic acid:methanol:water (1:3:6). Gel images were scanned and digitalized, and band densitometry was performed using ImageJ software (NIH). Values of gelatinolytic activity are expressed as arbitrary units of optical density.
Retrograde labeling of RGCs: Cell loss evaluation was performed by retrograde labeling RGCs with the fluorescent tracer Fluoro-Gold (Fluka, Sigma-Aldrich). The tracer, injected into the superior colliculus, is taken up by the axon terminals of the RGCs and transported retrogradely to the soma in the retina [19] [20] [21] .
Briefly, 4 days after the ischemic insult, rats were anaesthetized and immobilized in a stereotaxic device (Kopf 900, Analytical Control, Milan, Italy), and the position of superior colliculi was identified using the Paxinos and Watson atlas (1998). The skull was exposed, and 2 µl of 5% Fluoro-Gold (FG) solution was injected on both sides of the skull 6 mm posterior to the bregma, 1.2 mm lateral to the sagittal suture, and 4 mm deep from the bone surface using a 33-gauge Hamilton syringe (Hamilton Robotics Headquarters, Bonaduz, Switzerland). The skin was then sutured, and a 0.3% tobramycin ointment was applied (Alcon, Milan, Italy). Seven days after ischemia (3 days following FG injection), the animals were euthanized, and the eyeballs enucleated and fixed for 30 min in paraformaldehyde 4%. The timing of the FG injection (after injury) and the time elapsed between the dye application and the processing of the retina were chosen based on previous studies; this experimental setting also prevents the labeling of activated microglia [22, 23] . The anterior segment of the eye was removed, and the posterior eyecup additionally fixed for 1 h. Isolated retinas were divided into four quadrants (nasal, temporal, upper, and lower) and mounted on the slide using Vectashield medium (Vector Laboratories, DBA, Milan, Italy). Twenty images per retina (two from the peripheral, two from the middle, and one from the central retina for each quadrant) were acquired using a deconvolution microscope (Leica Microsystems CMS EL6000, GBH, Mannheim, Germany) at 40X magnification and subjected to cell counting by a blinded investigator. The total number of labeled cells in the ischemic eye was compared with that in the contralateral eye and expressed as a percentage of RGC loss.
Drug administration: Azithromycin (Zitromax® 500 mg, azithromycin dehydrate injectable, Pfizer Inc., Pearl River, NY) was dissolved in sterile saline (0.9% NaCl). Based on our previous observations [24] , a single dose of azithromycin (150 mg/kg) or vehicle (1 ml/kg) was i.p. at the end of the ischemia. The rats were randomly assigned to azithromycin or vehicle treatment. Animals were euthanized after 1 or 6 h of reperfusion.
Statistical analysis: Data are given as mean ± standard error (SEM) of three to four independent experiments and statistically evaluated for differences with the Student t test or with one-way ANOVA (ANOVA) followed by the Tukey-Kramer test for multiple comparisons. A p value of less than 0.05 was considered statistically significant.
RESULTS
Azithromycin prevents RGC loss induced by retinal ischemia/ reperfusion:
Previous studies have shown a significant reduction in RGC survival following retinal ischemia/reperfusion induced by transient increase in the IOP [15, 25] . Accordingly, a significant loss of Fluoro-Gold-labeled RGCs was observed in the ischemic retina (R, right) of vehicle-treated animals, 7 days following the insult, compared to the contralateral, nonischemic retina (L, left; Figure 1A ,B). To evaluate the effect of azithromycin on RGC survival, a single dose of the drug (150 mg/kg), which has been previously reported to be neuroprotective in a mouse model of transient cerebral ischemia [24] , was intraperitoneally injected at the end of the ischemia. Seven days after the ischemic insult, a relevant and statistically significant reduction in RGC loss was reported in the ischemic retinas from the azithromycin-treated rats compared to the vehicle-treated rats ( Figure 1A ,B).
Azithromycin prevents calpain activation and reduces Bad expression following retinal ischemia/reperfusion:
Excitotoxicity has been identified as a key component of RGC death triggered by ischemia/reperfusion [26] . The anoxic stimulus induces the pathological release of glutamate with overstimulation of N-methyl-D-aspartate (NMDA) receptor subtypes [25] , calcium overload, and activation of calcium-dependent enzymes that contribute to neuronal damage [27] . Calpains, ubiquitously expressed calcium-dependent cysteine proteases, are involved in the execution of excitotoxic neuronal death, and their pharmacological inhibition has been associated with reduced RGC death following retina ischemia/reperfusion injury [28, 29] .
Non-erythroid α-spectrin is cleaved by calpains into two breakdown products (SBDP) of 150 and 145 kDa, while a 150 kDa and an apoptotic-specific 120 kDa fragment are generated by caspase-3 [30] . The neuroprotection provided by azithromycin is accompanied by a significant reduction of the 150/145 kDa doublet generated by calpain in the ischemic retina during the first hour of reperfusion, and this effect is maintained at 6 h of reperfusion suggesting reduced calpain activation in the treated eye (Figure 2A ).
Bad is a proapoptotic protein involved in the regulation of the mitochondrial apoptotic pathway [31] . Overexpression of Bad correlates with neuronal cell death and RGC apoptosis in experimental models of glaucoma [32] . We have previously reported that retinal ischemia upregulates Bad expression in the right ischemic eye compared to the control eye [26] . Here, azithromycin treatment significantly reduced Bad induction reported after 6 h of reperfusion while no effect on Bad expression was evident following 1 h of reperfusion ( Figure  2B ).
Azithromycin reduces MMP-9 gelatinolytic activity:
MMPs are a family of zinc-dependent proteolytic enzymes known as the physiologic mediators of extracellular matrix (ECM) remodeling [33] . In addition to their physiologic role, MMPs participate in the propagation of the inflammatory response, and their activation has been implicated in the pathogenesis and progression of several neurodegenerative disorders [34] .
We analyzed the time-dependent profile of gelatinase (MMP-2 and MMP-9) expression and activity following retinal ischemia with gel zymography. Densitometric analysis of zymograms revealed a significant increase in active MMP-9 and MMP-2 after 6 h of reperfusion ( Figure 3A ) while no changes were found at an earlier time point (1 h; Figure 3A ).
In addition to antibiotic activity, azithromycin is able to modulate the inflammatory response under several experimental settings [24, 35] . In an attempt to identify the contribution of the anti-inflammatory activity in azithromycinmediated neuroprotection, we evaluated the effect of the treatment on MMP-2 and MMP-9 following retinal injury. Gel zymography revealed that systemic administration of azithromycin almost completely abrogated the upregulation of gelatinase expression and activity reported in the ischemic retinas following 6 h of reperfusion ( Figure 3B ).
Systemic treatment with azithromycin reduces ERK1/2 phosphorylation:
Activation of ERKs following ischemic insult has been linked to retinal degeneration mechanisms, and many studies have reported that blockade of ERK1/2 activity prevents histologic damage, apoptotic cell death, and RGC loss [36, 37] . Moreover, upregulation of ERK1/2 kinase is considered an early cellular marker of reactive Müller cells during retinal injury [38] .
As shown in Figure 4A , phosphorylation of ERK1/2 (pERK1/2) significantly increased in the ischemic retina within 1 h of reperfusion and was maintained after 6 h; increased levels of the phosphorylated protein were still detectable after 24 h ( Figure 4A ). Azithromycin treatment did not affect ischemia-induced ERK activation at 1 h of reperfusion, while at 6 h, azithromycin treatment significantly reduced the pERK1/2 level in the ischemic retina compared to the contralateral and vehicle-treated eyes ( Figure 4B ). Histograms show the results of densitometric analysis of the bands, normalized to the value of actin, and expressed as mean ± standard error of the mean (SEM; n = 4 for each group; **p<0.01, ***p<0.001; ANOVA followed by TukeyKramer test for multiple comparisons). AZM = azithromycin-treated rats; VEH = vehicle-treated rats; Rep time = reperfusion time; R = right ischemic eye; L = left eye; MW = molecular weight.
DISCUSSION
The present study represents the first evidence of the neuroprotective effect of azithromycin in the retina showing that following ischemic insult induced by transient increase in IOP, acute administration of the macrolide, given systemically post-injury, prevents RGC death at 7 days after injury. The neuroprotective effect is associated with downregulation of gene products related to necrotic and apoptotic cell death, both occurring in the experimental model used in the study [39, 40] . The downregulation of MMP-9/-2 activity, together with a significant reduction in ERK phosphorylation, suggests that the important reduction of neuronal loss might be, at least in part, mediated by anti-inflammatory mechanisms activated by azithromycin, a second-generation macrolide antibiotic. The latter is used for the treatment of a wide array of infectious diseases [41] . Compared to other macrolides, azithromycin is characterized by high stability in acidic pH, a longer half-life, and excellent tissue distribution [42] . In addition to antibacterial activity, azithromycin exerts antiinflammatory and immunomodulatory effects in vitro and in vivo, which are independent from its antibacterial effects [11] . Moreover, its neuroprotective potential has been recently proven in a mouse model of transient middle cerebral artery occlusion [24, 43] . The observed neuroprotection was ascribed to reduced brain infiltration of inflammatory myeloid cells and to the shift of macrophage polarization toward the M2 phenotype, peripherally and in the ischemic area [24] .
The retinal neuroprotection afforded by azithromycin in our model is associated with reduced calpain activation that is evident after 1 h from the end of the ischemic insult; this effect is consolidated at a later time point (6 h) when the reduction of calpain activity, compared to untreated rats, is even more marked. Calpains are calcium-dependent enzymes activated by the overload of calcium through glutamate receptors under excitotoxic conditions [44] . The proteolysis mediated by activated calpains has been associated with the early necrotic phase of RGC death triggered by ischemia in the retina [45] . The causative role of calpain in retina neurodegeneration is supported by several studies; calpain inhibitors reduced ganglion cell loss and preserved retinal function in several models of retinal injury, including optic nerve crush [46] , NMDA-intravitreal injection [47] , elevated intraocular pressure, and transient retinal ischemia [29] . Based on these considerations, the effect on calpain activation reported following treatment with azithromycin in the retina represents biochemical proof that supports the neuroprotective effect observed on RGC survival. This is further corroborated by the outcome of the pharmacological treatment on the expression of Bad, a proapoptotic member of the Bcl-2 family [48] .
In the retinas of rats treated with azithromycin, Bad induction was significantly reduced compared to the untreated rats.
The timing of calpain activation and Bad upregulation, both occurring within the first 6 h of reperfusion, might suggest that azithromycin exerts its neuroprotective effects by modulating molecular events that take place early after the end of the insult and is responsible for ischemia-induced RGC death. Although the prevention of calpain activation and Bad upregulation are important indicators of the effective neuroprotection mediated by azithromycin in the retina, the modulation of these proteins is probably the consequence more than the cause of a limited damage to the neuronal tissue.
In mice subjected to ischemic stroke, azithromycin reduced brain injury by minimizing blood-brain barrier (BBB) leakage that, in turn, reduced infiltration of inflammatory myeloid cells in the ischemic hemisphere [24] . BBB permeability and function during cerebral ischemia/reperfusion are closely dependent on MMP activity, given their ability to degrade the ECM and tight junction components [49] . Following stroke, the biphasic opening of the BBB correlates with altered expression and activity of gelatinases, MMP-2 and MMP-9 [50] . In particular, increased levels of MMP-2 have been linked to the early and reversible opening of the BBB [51] while elevated MMP-9 expression in the late phase of ischemic stroke was associated with the complete breakdown of the BBB leading to increased infarct volume, edema, and reduced neurologic outcomes in experimental animal models and in patients [52, 53] .
Similarly, in the retina subjected to ischemic insult overactivation of MMP-9 by resident and inflammatory cells has been associated with disruption of the blood-retinal barrier, proteolytic degradation of the extracellular matrix and alteration of β1-integrin survival signaling leading to detachmentinduced RGC death [54] . In our experimental setting, azithromycin almost completely abrogated the MMP-9/-2 activation observed during the reperfusion phase. This result suggests a remarkable anti-inflammatory activity in the retina that is further supported by the observed reduction, following treatment with the macrolide, of ERK1/2 phosphorylation. ERK activation, as well as upregulation of the glial fibrillary acid protein (GFAP), has been indicated as a typical marker of activated Müller cells in the retina [38, 55, 56] .
Upregulation of phospho-ERK has been previously reported in injured retinas, and more importantly, inhibition of ERK activation has been shown to prevent RGC degeneration induced by ischemic damage or axotomy [36, [57] [58] [59] [60] . This suggests that the reduced level of pERK observed following azithromycin treatment might play a role in the observed neuroprotective effect.
Following azithromycin treatment, inhibition of gelatinase activity reported in the ischemic retina might be instrumental to the RGC neuroprotection afforded by the macrolide. This hypothesis is supported by several reports showing the participation of MMPs in retinal damage following ischemic injury. MMP-9 deficiency and treatment with MMP inhibitors or drugs that are able to reduce MMP activity (i.e., minocycline) lead to retinal neuroprotection [61] [62] [63] [64] . Furthermore, the detrimental role of this protease was recently confirmed in patients with glaucoma in whom altered expression of MMP-9 correlated with decreased retinal fiber layer thickness contributing to optic nerve head damage and RGC apoptosis [65] .
The anti-inflammatory potential of azithromycin has been documented in animal models of spinal cord injury [66] , lung ischemia/reperfusion injury [67] , and patients following lung transplantation [68] or affected by cystic fibrosis [69] . Although the use of azithromycin in the eye is currently limited to ocular infections [10] , there is evidence showing its anti-inflammatory activity in tissues of the anterior segment of the eye. Azithromycin suppressed zymosan-stimulated production of inflammatory cytokines (interleukin [IL]-1β, tumor necrosis factor alpha [TNF-α]), chemokines (IL-6, RANTES), and MMP activity (MMP-1, -3, and -9) in human corneal epithelial cell cultures (HCECs) [70] . Treatment with azithromycin reduced production of the adhesion molecule ICAM-1 and inhibited leukocytic infiltration in a mouse model of corneal inflammation [71] and following corneal transplantation in the rat, preventing rejection and prolonging graft survival [72] .
Topical administration of the macrolide reduced expression of nuclear factor-kappa beta (NF-kB) and macrophage infiltration in conjunctival tissue following lipopolysaccharide (LPS)-induced conjunctivitis in the rat [35] . Furthermore, in patients with diagnosed blepharitis compared to healthy subjects, azithromycin inhibited the expression of proinflammatory mediators (IL-1β, IL-8, and MMP-9) and increased transforming growth factor beta 1 (TGF-β1) levels [73] .
To the best of our knowledge, the experimental observations reported in the present study are the first evidence of the anti-inflammatory effect of a systemic treatment with azithromycin in the retina. Although the data reported in our study are not enough to clearly speculate on the mechanisms linking the observed molecular events with the reported neuroprotection, these findings suggest that the neuroprotection could be mediated by a reduced inflammatory state in the retina following ischemia/reperfusion injury.
Further experiments are needed to demonstrate that the neuroprotection observed with azithromycin after 7 days of reperfusion is extended for a longer period after injury, and it is associated with preservation of the visual function. Nevertheless, our experimental observation, together with the reported safety profile of azithromycin and the documented ability to achieve high tissue concentration following oral administration, suggests that the drug is a promising candidate for treating ocular conditions associated with RGC degeneration.
